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Objective: Obesity is a highly cited risk factor for knee osteoarthritis (OA), but its role in knee OA
pathogenesis and progression is not as clear. Excess weight may contribute to an increased mechanical
burden and altered dynamic movement and loading patterns at the knee. The objective of this study was
to examine the interacting role of moderate knee OA disease presence and obesity on knee joint
mechanics during gait.
Methods: Gait analysis was performed on 104 asymptomatic and 140 individuals with moderate knee OA.
Each subject group was divided into three body mass categories based on body mass index (BMI):
healthy weight (BMI< 25), overweight (25 BMI 30), and obese (BMI> 30). Three-dimensional knee
joint angles and net external knee joint moments were calculated and waveform principal component
analysis (PCA) was applied to extract major patterns of variability from each. PC scores for major patterns
were compared between groups using a two-factor ANOVA.
Results: Signiﬁcant BMI main effects were found in the pattern of the knee adduction moment, the knee
ﬂexion moment, and the knee rotation moment during gait. Two interaction effects between moderate
OA disease presence and BMI were also found that described different changes in the knee ﬂexion
moment and the knee ﬂexion angle with increased BMI with and without knee OA.
Conclusion: Our results suggest that increased BMI is associated with different changes in biomechanical
patterns of the knee joint during gait depending on the presence of moderate knee OA.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Numerous risk factors for knee osteoarthritis (OA) incidence and
progression have been identiﬁed, including age, sex, heredity, and
previous knee injury1e4. Obesity, as measured by body mass index
(BMI), is a highly cited and important modiﬁable5 risk factor for
knee OA6e13. Excessive mechanical loading has been implicated in
the progression of knee OA14, and since dynamic joint loading
occursmore often duringwalking than other activities of daily life15,
gait analysis has proven to be an effective model for understanding
the mechanical loading environment of the knee16,17. In particular,
an increased magnitude of the knee adduction moment during gait
has been associated with the pathological process of knee OA18e23.J. L. Astephen Wilson, School
1 University Avenue, Halifax,
; Fax: 1-(902)-494-6621.
Wilson).
s Research Society International. PWhile obesity is well established as a risk factor, its role in knee
OA pathogenesis and progression is not as clear24,25. Excess weight
may contribute to an increased mechanical burden and altered
dynamic movement and loading patterns at the knee14,26,27.
However, there are very few studies that have examined the
interacting role of obesity and knee OA presence on joint move-
ment and loading characteristics during gait5.
Biomechanical alterations associated with knee OA are related
to differing stages of clinical severity28. While the majority of
biomechanical gait studies in knee OA have focused on subjects
with severe degenerative disease, more recent studies have focused
on investigations of dynamic loading alterations during gait
between asymptomatic and moderate knee OA subjects in an effort
to better understand the pathomechanics of the disease progres-
sion and to develop early treatment strategies22,29,30.
Furthermore, most gait studies on knee OA have examined peak
values from biomechanical waveforms captured during gait which
tell us little about the dynamic and temporal nature of changes overublished by Elsevier Ltd. All rights reserved.
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niques such as principal component analysis (PCA) have been used
to understand the dynamic changes in gait waveform patterns31.
PCA has been used to understand the changes in gait biomechanics
and neuromuscular control with varying levels of knee OA
severity32e34. PCA has the advantage of identifying biomechanical
alterations objectively based on variance in the data29,33,35 and
features other than peak net resultant moments and angles at the
knee have been found to differ with severity, which has provided
important insight into potential mechanisms in the etiology of knee
OA. For example, Landry et al.29 showed that the overall magnitude
of the knee adduction moment (PC1) during stance and the
difference between the early and mid-stance values of the adduc-
tion moment (PC2) distinguished between asymptomatic individ-
uals and those with early to moderate levels of knee OA, whereas
the peak knee adduction moment showed no statistically signiﬁ-
cant difference between the groups. PCA has not yet been used to
understand the biomechanical differences during gait between
overweight/obese individuals and healthy weight individuals with
and without knee OA. The objective of this study was therefore to
examine the interacting role of early tomoderate knee OA presence
and overweight/obesity (based on BMI) on knee joint movement
and resultant moments during gait using PCA.
Methods
Subjects
This study included 104 asymptomatic subjects and 140 diag-
nosed with moderate knee OA (Table I). Asymptomatic subjects did
not have any history of knee pain or surgery to their lower limbs
and were recruited through university and hospital postings andTable I
Demographics, anthropometrics, and stride characteristics of healthyweight, overweight,
hoc Tukey’s tests are included
Healthy weight Overweight Obese
N 68 95 81
Age (yrs) 51.0 (9.0) 53.7 (10.2) 55.9 (10.2)
Height (m) 1.70 (0.08) 1.72 (0.09) 1.71 (0.11)
Mass (kg) 66.0 (8.1) 82.7 (9.4) 102.6 (17.1)
BMI (kg/m2) 22.8 (1.4) 27.6 (1.4) 34.9 (4.0)
Thigh circ. (m) 0.50 (0.04) 0.54 (0.04) 0.57 (0.05)
Calf circ. (m) 0.36 (0.03) 0.38 (0.03) 0.41 (0.04)
Sex (F/M) 42/26 37/58 35/46
Stride characteristics
Speed (m/s) 1.35 (0.18) 1.32 (0.18) 1.22 (0.21)
Stride length (m) 1.44 (0.13) 1.44 (0.14) 1.35 (0.16)
Stance (%) 62.4 (1.6) 63.4 (1.5) 64.8 (1.8)
Stance time(s) 0.67 (0.06) 0.70 (0.07) 0.73 (0.08)
All Asym
N 244 104
Age (yrs) 53.7 (10.0) 48.3
Height (m) 1.71 (0.10) 1.69
Mass (kg) 84.7 (18.8) 74.6
BMI (kg/m2) 28.7 (5.4) 25.7
Thigh circ. (m) 0.53 (0.05) 0.53
Calf circ. (m) 0.38 (0.04) 0.37
Sex (F/M) 114/130 66/3
Stride characteristics
Speed (m/s) 1.30 (0.20) 1.37
Stride length (m) 1.41 (0.15) 1.45
Stance time(s) 0.70 (0.07) 0.67
Stance (%) 63.6 (1.9) 62.7
*Represents statistically signiﬁcant difference at a¼ 0.05 level.advertisements. Subjects with moderate knee OA were recruited
from the Orthopedic and Sports Medicine Clinic of Nova Scotia and
the Orthopaedic Assessment Clinic at the QEII Halifax Inﬁrmary
site. A clinical diagnosis of knee OA was obtained by an orthopedic
surgeon from radiographic evidence (anterioreposterior and
lateral views) as well as physical and clinical exam. Consistent with
our previous work, subjects were included in the study if they had
clinical and radiographic evidence of knee OA, but were not
candidates for total knee replacement surgery29,36. To meet inclu-
sion criteria, all subjects with moderate OAwere able to walk a city
block, jog 5 m, and walk upstairs in a reciprocal fashion. Subjects
were excluded due to history of cardiovascular disease, stroke,
neuromuscular disorders, other forms of arthritis, gout, or history
of trauma or surgery to the lower limb. All subjects were over the
age of 35 years, and informed consent was obtained prior to testing
in accordance with the institutional ethics review board.
Asymptomatic and moderate knee OA subject groups were
each divided into three body mass categories based on BMI as
indicated by Health Canada: healthy weight (BMI< 25 kg/m2),
overweight (25 kg/m2 BMI 30 kg/m2), and obese (BMI> 30 kg/
m2)37. The asymptomatic group included 58 healthy weight subjects,
38 overweight subjects, and 14 subjects who were obese, while the
moderate knee OA group contained 16 healthy weight subjects, 57
overweight subjects, and 67 subjects who were obese.
Gait analysis
Each subject visited the Dynamics of Human Motion Laboratory
once for gait testing. Before gait testing, demographic and anthro-
pometric data were collected including age, height, weight, thigh
and calf circumference. Gait testing consisted of a minimum of ﬁve
walking trials conducted at the subject’s self-selected walkingobese, asymptomatic andmoderate OA subject groups. P-values for ANOVA and post-
ANOVA
P-value
Multiple comparisons
Healthy weight:
Overweight
Healthy weight:
Obese
overweight:
Obese
N/A
0.99 0.99 0.99 0.999
0.65 0.71 0.998 0.75
<0.01* <0.01* <0.01* <0.01*
<0.01* <0.01* <0.01* <0.01*
<0.01* <0.01* <0.01* <0.01*
<0.01* <0.01* <0.01* <0.01*
0.31 0.008* 0.051 0.83
0.23 0.97 0.27 0.28
0.12 0.98 0.24 0.11
<0.01* <0.01* <0.01* <0.01*
0.094 0.37 0.077 0.49
ptomatic Mod OA P-value
140 N/A
(9.2) 57.6 (8.8) <0.01*
(0.09) 1.72 (0.10) 0.082
(14.8) 92.1 (18.1) <0.01*
(4.1) 30.9 (5.3) <0.01*
(0.05) 0.54 (0.05) 0.23
(0.04) 0.39 (0.04) 0.68
8 48/92 <0.01*
(0.17) 1.24 (0.20) <0.01*
(0.13) 1.38 (0.16) 0.02*
(0.06) 0.72 (0.08) <0.01*
(1.5) 64.2 (1.9) <0.01*
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affected (or randomized in the case of asymptomatics) lower limb
was recorded at 100 Hz using two Optotrak 3020 motion capture
camera units (Northern Digital Inc., Waterloo, ON). Ground reaction
forces were collected at 2000 Hz using an AMTI force platform
(Advanced Mechanical Technology Inc., Watertown, MA). A triad of
infrared light emitting diodes was placed on each of the pelvis,
thigh, shank and foot. Individual light emitting diodes were placed
on the shoulder and three bony landmarks of the lower limb: the
greater trochanter, lateral epicondyle, and lateral malleolus. In
addition, virtual markers were deﬁned during quiet standing
located on the right and left anterior superior iliac spines, medial
epicondyle, ﬁbular head, tibial tubercle, medial malleolus, second
metatarsal, and heel29.
The thigh, shank and foot were modeled as rigid bodies in order
to calculate kinematics and kinetics at the knee joint. The position
and orientation of each segment was determined according to
a least-squares optimization routine, minimizing the error between
the position of each rigid body and the experimental marker data38.
The description of angles and moments at the knee followed the
anatomically based joint coordinate system as deﬁned by Grood
and Suntay39. Using an inverse dynamics method, implemented
through custom Matlab (The MathWorks, Natick, MA, USA)
software, net external knee joint moments were calculated from
three-dimensional positional data, ground reaction force data
(down-sampled to 100 Hz), and from limb segment inertial prop-
erties40. Only the knee ﬂexion/extension angle and the three
dimensions of the net knee joint reactionmomentwere analyzed in
this particular study, and moments were normalized to body mass.
All gait waveforms were also time normalized to a single gait cycle,
from ground contact with the foot of the affected leg to the
subsequent contact with the same foot. Stride characteristics
including walking speed, stride length, stance time, and stance
percent were also calculated.
Statistical methods
In order to objectively extract magnitude and timing information
from the four gait waveforms (three-dimensional knee moments
and knee ﬂexion angle), PCA was applied separately to each. PCA is
a multivariate statistical technique which has proven effective in the
reduction and interpretation of gait waveform data33. For each gait
waveform, a data matrix, X, was created, which contained each
subject’s average waveform at each percentage of the gait cycle.
These matrices were 244 (the total number of subjects) 101 (the
number of data points in one full gait cycle). PCA transforms these
matrices, which are initially expressed in terms of 101 variables thatTable II
Demographics, anthropometrics, and stride characteristics of asymptomatic and moderat
Asymptomatic
Healthy weight Overweight Obes
N 52 38 14
Age (yrs) 49.3 (9.1) 47.3 (8.8) 47.6
Height (m) 1.69 (0.08) 1.71 (0.09) 1.71
Weight (kg) 64.6 (7.6) 80.1 (9.3) 97.1
BMI (kg/m2) 22.6 (1.5) 27.4 (1.6) 33.1
Thigh circ. (m) 0.50 (0.04) 0.55 (0.05) 0.57
Calf circ. (m) 0.36 (0.03) 0.38 (0.03) 0.40
Sex (F/M) 35/17 23/15 8/6
Stride characteristics
Speed (m/sec) 1.36 (0.18) 1.39 (0.16) 1.37
Stride length (m) 1.43 (0.12) 1.47 (0.14) 1.46
Stance (%) 62.4 (1.7) 62.9 (1.1) 63.6may be correlated, into new matrices expressed in terms of
101 orthogonal (uncorrelated) variables or principal components
(PCs). These PCs are the eigenvectors of the covariance matrix of X,
and each one represents an independent waveform feature. The ﬁrst
PC explains the largest portion of the variance inX, the second PC the
second largest portion, and so on. PC scores were calculated to
measure the degree towhich a particular featurewas present in each
subject’s individual waveform, by projecting each subject’s original
data onto the eigenvector (PCscoreij¼ PCi * xj, where PCscoreij is the
ith PC score for subject j, PCi is the vector pattern of the ith principal
component, xj is the original waveform data for subject j). Only the
ﬁrst three PCs were retained for each of the four gait waveforms
analyzed to capture the primary modes of variability in the data.
Differences in demographics, anthropometrics, PC scores, and stride
characteristics were compared between the BMI-divided groups
using a two-factor Analysis of Variance with post-hoc Tukey tests.
Statistical signiﬁcance was set at 0.05.
Results
Table I summarizes the demographic, anthropometric, and stride
characteristic results for the asymptomatic subject group, the
moderate OA group, and all subjects together. Moderate OA subjects
were slightly older, had higher BMI and mass, and a larger portion of
them were male. Moderate OA subjects also walked signiﬁcantly
slower with a shorter stride length and a longer stance time,
spendinga larger proportionof the gait cycle in stancephase (Table I).
Table I also summarizes these data for the healthy weight, over-
weight, and obese subject groups. Table II gives a further breakdown
for all six subject subgroups. obese subjects spent a greater portion of
the gait cycle in stance phase (Table I). An interaction between
moderate OA and BMI was found in stride length, where higher BMI
was associated with lower stride length in moderate knee OA
subjects, but not in asymptomatic subjects (P¼ 0.027).
The ﬁrst three PCs cumulatively explained 83.9% (PC1: 61.4%,
PC2: 13.2% PC3: 10.1%), 71.4% (PC1: 36.8%, PC2: 26.2%, PC3: 9.1%),
68.3% (PC1: 29.5%, PC2: 22.5%, PC3: 7.8%), and 77.0% (PC1: 40.5%,
PC2: 24.9%, PC3: 12.4%) of the variability in the original knee
ﬂexion/extension angle, knee ad/abduction moment, knee ﬂexion/
extension moment, and knee internal/external rotation moment
data respectively.
Moderate OA effects
Table III summarizes signiﬁcant principal component waveform
differences associatedwithmoderate knee OA, BMI, and interaction
effects. The ﬁrst PC, PC1, of the knee ﬂexion/extension anglee OA subjects divided by BMI into healthy weight, overweight, and obese categories
Moderate OA
e Healthy weight Overweight Obese
16 57 67
(10.6) 56.2 (6.7) 58.0 (9.0) 57.6 (9.3)
(0.10) 1.73 (0.10) 1.74 (0.09) 1.71 (0.11)
(15.0) 70.6 (8.4) 84.4 (9.0) 103.7 (17.4)
(3.4) 23.5 (0.7) 27.8 (1.2) 35.2 (4.0)
(0.04) 0.48 (0.03) 0.52 (0.04) 0.57 (0.05)
(0.06) 0.36 (0.02) 0.37 (0.02) 0.41 (0.03)
7/9 14/43 27/40
(0.16) 1.31 (0.18) 1.28 (0.19) 1.19 (0.20)
(0.14) 1.45 (0.15) 1.42 (0.14) 1.33 (0.15)
(1.1) 62.4 (1.6) 63.7 (1.6) 65.0 (1.8)
Table III
P-values for statistically signiﬁcant (a¼ 0.05) moderate OA, BMI, and interaction effects and descriptions of thewaveform feature that each PC explains. In the direction of effect
column, P-values for multiple comparisons are given in parentheses
Waveform PC Feature description Effect Direction of effect ANOVA P-value
Knee ﬂexion angle 1 Overall magnitude OA OA< asym <0.01
3 Range during stance Interaction Interaction 0.03
Knee adduction moment 1 Stance phase magnitude OA OA> asym <0.01
3 First peak to mid-stance diff. Body mass Obese<Healthy weight (P< 0.001)
Overweight<Healthy weight (P¼ 0.003)
<0.01
Knee ﬂexion moment 1 Late stance magnitude Body mass Obese>Overweight (P< 0.001)
Obese>Healthy weight (P< 0.001)
0.02
2 Range during stance Interaction Interaction <0.01
Knee rotation moment 2 Late stance magnitude OA OA> asym 0.02
3 Range during stance OA OA< asym <0.01
Body mass Obese<Overweight (P< 0.001)
Obese<Healthy weight (P< 0.001)
<0.01
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gait cycle. The moderate knee OA group had lower overall magni-
tudes of the knee ﬂexion/extension angle (i.e., lower PC1 scores)
than the asymptomatic group (P< 0.01). PC1 of the knee adduction
moment captured the overall magnitude of the moment during the
stance phase of the gait cycle. The moderate knee OA group had
higher magnitudes of the knee adduction moment during stance
phase (i.e., higher PC1 scores) than asymptomatics (P< 0.01).
Waveform alterations to the (net external) internal knee rotation
moment were also associated with moderate knee OA as indicated
by PC2 and PC3. Subjects with moderate OA demonstrated a higher
magnitude of the knee rotation moment in late stance phase (i.e.,
more internal rotation moment) (PC2, P¼ 0.02), but less moment
range throughout the stance phase (PC3, P< 0.01).
Body mass index effects
Three gait waveform alterations were found to be associated
with different BMI category. In PC3 of the knee adduction moment,Fig. 1. Knee adduction moment PC3. (a) The knee adduction moment mean waveforms f
moment waveforms for each of the three BMI categories is shown. (c) PC3 of the knee add
scores indicated high ﬁrst peak adduction moments relative to mid-late stance values. (d)
subject waveforms (95th and 5th percentiles) demonstrate the interpretation of PC3.which represented the difference between the ﬁrst peak and the
mid-stance value, healthy weight subjects had a larger range in the
moment from the ﬁrst peak to mid-stance than both the obese and
overweight subject groups (Fig. 1). That is, a BMI> 25 kg/m2 (both
overweight and obese groups) was associated with a more constant
knee adduction moment during the stance phase (P< 0.01). In PC1
of the knee ﬂexion/extension moment, which represented the late
stance extension moment magnitude, obese subjects had lower
extension moment magnitudes than both overweight and healthy
weight subjects (P¼ 0.02). Finally, in PC3 of the knee rotation
moment, which represented the range of the moment during
stance phase, obese subjects had a smaller range (i.e., lower PC3
scores) than overweight and healthy weight subjects (P< 0.01)
(Fig. 2), similar to themoderate OA effect of this PC described above.
Interaction effects
Two signiﬁcant gait waveform interaction effects were found. In
PC3 of the knee ﬂexion angle, which represented the range in theor the asymptomatic and moderate OA groups are shown. (b) Mean knee adduction
uction moment represented the range in the waveform during stance phase, high PC3
Representative high (healthy weight direction) and low (overweight/obese direction)
Fig. 2. Knee rotation moment PC3. (a) The knee internal rotation moment mean waveforms for the asymptomatic and moderate OA groups are shown. (b) Mean knee internal
rotation moment waveforms for each of the three BMI categories is shown. (c) PC3 of the knee internal rotation moment represented the range in the waveform during stance
phase. (d) Representative high (overweight/healthy weight direction) and low (obese direction) subject waveforms (95th and 5th percentiles) demonstrate the interpretation
of PC3.
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had the effect of reducing the range more for OA subjects than for
asymptomatic subjects (P¼ 0.03) (Fig. 3). Between groups
(i.e., between moderate OA and asymptomatic), there was no
statistically signiﬁcant difference between groups at the healthy
weight (P¼ 0.99) and overweight (P¼ 0.91) categories, but there
was a statistically signiﬁcant difference between groups in the
obese category (P¼ 0.02) with the obese OA group having higher
PC3 scores (i.e., less range) than the asymptomatic obese group.Fig. 3. Knee ﬂexion angle interaction effect. (a) PC3 of the knee ﬂexion angle represented th
six subject groups based on BMI category and moderate OA disease presence. (c) Represe
interpretation of PC3. (d) Interaction between obesity and moderate knee OA in PC3 of thePair-wise statistically signiﬁcant differences existed between the
overweight and obese (P< 0.0001) and between the healthy
weight and obese (P¼ 0.0002) subgroups within the moderate OA
group, with the obese group having higher PC3 scores. There were
no statistically signiﬁcant pair-wise differences between BMI
category subgroups within the asymptomatic group.
Similarly, in PC2 of the knee ﬂexionmoment, which represented
the range in the moment during stance phase, higher BMI category
had the effect of reducing this range for subjects with moderate OA,e range during the stance phase. (b) Mean knee ﬂexion angle waveforms for each of the
ntative high and low subject waveforms (95th and 5th percentiles) demonstrate the
knee ﬂexion angle.
Fig. 4. Knee ﬂexion moment interaction effect. (a) PC2 of the knee ﬂexion moment represented the range during the stance phase. (b) Mean knee ﬂexion moment waveforms for
each of the six subject groups based on BMI category and moderate OA disease presence. (c) Representative high and low subject waveforms (95th and 5th percentiles) demonstrate
the interpretation of PC2. (d) Interaction between obesity and moderate knee OA in PC2 of the knee ﬂexion moment.
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(Fig. 4). There was no statistically signiﬁcant difference between
groups for the healthy weight (P> 0.99) category, but there was
a statistically signiﬁcant difference between groups at the over-
weight (P¼ 0.004) and obese (P< 0.001) categories with the
overweight and obese asymptomatic groups having higher PC2
scores (i.e., greater range) than the respective overweight and
obese OA groups. Pair-wise statistically signiﬁcant differences
existed between the overweight and obese (P¼ 0.024) and
between the healthy weight and obese (P¼ 0.002) subgroups
within the moderate OA group. Again, there were no statistically
signiﬁcant pair-wise differences between BMI category subgroups
within the asymptomatic group.
Discussion
The results of this cross-sectional study show a number of gait
alterations associated with moderate knee OA, BMI category, and
their interaction. The moderate knee OA group walked with altered
stride characteristics, having shorter stride lengths, longer stance
times, lower self-selected walking velocity, and spent a greater
portion of the gait cycle in stance phase. These stride characteristic
differences, as well as the overall reduction in the magnitude of the
knee ﬂexion angle associated with the moderate knee OA group
(Table II), are typical of individuals with knee OA. Successively
smaller knee ﬂexion angles during stance phase are associated with
increasing knee OA severity, and decreased knee ﬂexion angles
during swing phase have been associated with severe knee OA23.
The OA subject group in our study walked with decreased knee
ﬂexion angles throughout the entire gait cycle, which may indicate
that the subject group included in this study may be somewhat
more functionally impaired and further progressed than those of
some previous studies of moderate OA19,29. This may also be due tothe lower self-selected walking speed of the moderate OA group
compared to the asymptomatic group (Table I).
Higher knee adduction moments during the stance phase were
also observed in the moderate knee OA subject group compared to
the asymptomatic group, a ﬁnding that has been frequently asso-
ciated with knee OA20,22,41,42. Higher knee adduction moments
have been associated both with radiographic OA severity and
progression of OA23,43. As it has been correlated with medial
compartment forces44, this increase in the adduction moment may
be intrinsically associated with the pathogenesis of knee OA20 and
perhaps partly explains the higher rate of medial compartment
knee OA18.
Less range in knee rotation moments was associated with
increased BMI category in this study. There has been very little
investigation into changes in the rotational loading patterns of the
knee joint with knee OA; a few studies have associated reduced
transverse plane loading with knee OA5,23,29. Limited knee rotation
moment with higher BMI may be a reﬂection of limited transverse
plane mobility of the joint. However, joint passive mobility was not
captured in this study, and there is little understanding regarding
the potential role of the knee rotation moment in terms of OA
development and progression. Changes in transverse plane kine-
matics after anterior cruciate ligament injury have been described
as a mechanism for the development of knee OA45, and so changes
in transverse plane moments may be important in the develop-
ment and progression of knee OA and should be further explored.
The obese subject group spent a greater portion of the gait cycle
in stance phase, which is consistent with previous studies26,27.
Scores for PC3 of the knee adduction moment were reduced in the
overweight and obese groups, reﬂecting more constant knee
adduction moment curves during stance in these groups as
compared to healthy weight subjects. This result demonstrates that
alterations of the biomechanical loading environment with obesity
G.T. Harding et al. / Osteoarthritis and Cartilage 20 (2012) 1234e12421240are not limited to the effects of purely increased body mass alone,
and highlights the added value of extracting temporal information
from gait waveforms for analysis. Obesity had an effect on the
temporal nature of the adduction moment rather than the magni-
tude, and obese individuals loaded their joints more constantly in
the frontal plane than HW individuals. This would correspond to
more cumulative load on the joint which has been suggested as
being detrimental to joint integrity46. Also, further support for
potentially increased cumulative load in obese subjects is found in
combining this altered loading pattern and the fact that obese
subjects spent a greater proportion of the gait cycle in stance phase,
when the greatest loading occurs. A few studies have examined the
effect of obesity on peak values of the adduction moment. Segal
et al.49 compared peak values of the knee adduction moment
normalized to body mass (Nm/kg) between obese and healthy
weight subjects, and did not demonstrate a signiﬁcant difference in
peak moments between the groups. However, Aaboe et al.47 showed
a 12% decrease in the peak value of the moment (in Nm not
normalized to body mass) after a weight loss program which
decreased the BMI of the group from 36.9 to 31.9 kg/m2. Messier
et al.5 also found a direct association between obesity and knee
adduction moments, but this occurred in the presence of knee OA,
a factor which has been shown to increase the knee adduction
moment. They showed that in subjects with knee OA as well,
decreased peak internal knee abduction moments (equivalent to
peak external knee adduction moments), could be explained by
weight loss.
PCA also identiﬁed an alteration to the knee ﬂexion moment
associated with obesity. During late stance, the magnitude of the
net external knee extension moment was reduced in obese
subjects. Most previous studies have identiﬁed no signiﬁcant
alterations to the sagittal plane knee moments in obese
subjects5,27,47,48. However DeVita and Hortobagyi26 demonstrated
that “when scaled for body mass, the peak extensor torque at the
kneewas severely reduced in obese compared to lean participants.”
Our ﬁnding, while not directly comparable to the ﬁndings of DeVita
and Hortobagyi, may support their suggestion that in obese
subjects “there is a reorganization of neuromuscular function in
order to maintain knee loading at a level observed in healthy
weight subjects.” This may be true for some obese individuals who
do not develop knee OA. However, our results suggest that this may
be a characteristic of obesity in general regardless of whether or not
they have knee OA. This may reﬂect a difference in extensor torque
generation ability of the obese group, which would need to be
explored in further study.
Unlike DeVita and Hortobagyi26, we did not ﬁnd a reduction in
the magnitude of the knee ﬂexion angle with obesity at self-
selected walking velocity. This may be due to the fact that the
participants in our study had a lower mean BMI than that of the
DeVita study, and also a higher self-selected walking velocity (and
no signiﬁcant difference in walking velocity between BMI cate-
gories). The mean BMI of our obese group was just under 35 kg/m2,
whereas the range of BMI in the obese group of DeVita and Hor-
tobagyi was approximately 32e59 kg/m2. It is therefore difﬁcult to
compare the results of the two studies directly.
A number of previous studies have demonstrated the biome-
chanical effects of obesity26,27,49, of moderate OA22,29,30, or of both at
once during gait5,47, but few have investigated the mechanical
interactions between these two factors. To our knowledge, this is the
ﬁrst study to investigate the interaction of these factors during
dynamic gait. In this study, two alterations have been associatedwith
the interaction of obesity and moderate knee OA, both occurring in
the sagittal plane. In PC3 of the knee ﬂexion angle, representing the
range between late stance and swing phase, obesity has the effect of
reducing this range more for moderate OA subjects than forasymptomatics. Obese subjects have been shown to have poorer pain
and function with OA than healthy weight subjects50, and so the
added reduction of knee ﬂexion angles with obesity in the moderate
OA group suggests a more functionally impaired group of individuals
with knee OA. A similar interaction pattern was also seen in stride
length, where stride lengths were reduced for the obese group with
OA, but not in the asymptomatic group. Shorter stride lengths are
a further indication of increased functional impairment in the group
of obese individuals with knee OA, and may indicate a strategy to
reduce forces within the joint during the stride. The second inter-
action effect occurred in PC2 of the knee ﬂexion moment, repre-
senting the moment range during stance phase. Obesity had the
effect of reducing this range in themoderate OA group, but not in the
asymptomatic group. Reduced knee ﬂexion moment ranges have
been observed in more severe knee OA populations32, and may
reﬂect a gait pattern alteration to reduce knee joint loading in the
sagittal plane, or to avoid the use of potentially weak quadriceps
muscles.
Whether or not these alterations are protective or detrimental is
unclear. These patterns could be adopted by those with knee OA
and obesity to avoid further joint loading and further OA progres-
sion, or they could represent gait patterns in obese individuals that
may have contributed to their development of knee OA. Longitu-
dinal data is needed to explore potential initiation models in these
populations, and electromyography data should also be examined
to provide the added insight into neuromuscular adaptation strat-
egies that would allow these groups to affect joint loading. As well,
joint contact forces obtained throughmuscle modelingmay further
develop the characterization of the dynamic loading environment
at the knee in these populations. The sample of individuals
included in the ‘obese’ subgroup in this analysis had a relatively low
BMI relative to other gait studies26. It is possible that further and
more pronounced differences and interactions between BMI cate-
gory and moderate OA presence would be identiﬁed if we included
more individuals with higher BMI levels in the study. BMI is a useful
measure of obesity that has been clearly linked to knee OA in
longitudinal epidemiological studies8; however it lacks speciﬁcity
in terms of body composition and body fat percentage. Further
study may be enhanced by exploring improved metrics of body
mass and body adiposity that may better correlate with knee OA
presence and progression. In this study, we have focused on the
dynamics and loading of the knee joint during gait, however
changes in the mechanics of other joints (i.e., ankle, hip) may
contribute to the altered mechanical environment of the knee joint
and should be explored in further study.
In conclusion, this study has identiﬁed biomechanical factors
during gait that are altered with knee OA, with obesity, and those
that interact between OA and obesity. This suggests either that the
pathomechanical process of knee OA development is different
depending on BMI, or that individuals within different BMI cate-
gories adapt differently to the early changes associated with knee
OA. Further longitudinal study of these interactions should be
performed to understand whether these adaptations may cause or
be the result of the knee OA process and to develop appropriate
conservative and early treatment strategies for knee OA thatmay be
speciﬁc to body mass category.
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